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A quantum-mechanical calculation of the carrier densities and electron-hole recombination 
lifetimes in GaAs- (Ga,Al) As quantum wells is performed, under steady-state optical excitation 
conditions and in the high-temperature regime. The variables are the continuous-wave (cwj 
laser intensity, well widths, and acceptor distribution in the well. Radiative recombination of 
electrons with free holes and holes bound at neutral acceptors are considered. Our calculations 
for the dependence of the electron density on laser intensity are in quant.itative agreement with 
recent experimental results for multiple asymmetric coupled quantum wells at T= 300 K and 
for intermediate excitation. Also, results for the carrier-density-dependent e-h recombination 
decay time at T = 155 K are in good agreement with recent experimental data in semiconductor 
quantum wells. 
Recombination processes associated with photolumi- 
nescence (PL) experiments carried out using continuous- 
wave (cw) lasers have received considerable attention in 
recent work. ‘-? In particular, Bongiovanni and Staelhi3 in- 
vestigated the density dependence of the electron-hole (e- 
h) plasma decay time versus pair density at T= 155 K in 
semiconductor quantum wells (QWs) via a steady-state 
PL experiment. Also, Ding et ~1.~ have studied multiple 
narrow asymmetric coupled quantum wells (ACQW) at 
room temperature, and obtained the intensity-dependent 
carrier density by a fitting procedure in order to reproduce 
the experimental PL total intensity. In this work, we per- 
form a qu‘antum-mechanical calculation of the carrier den- 
sities and e-h recombination lifetime for a GaAs- 
(Ga,Al)As QW in a cw laser PL experiment, and compare 
our theoretical results with previously reported experimen- 
tal data.“V4 
In a cw laser PL experiment in a semiconductor sys- 
tem, the final steady-state situation for the conduction- 
band electron density will occur when the rate of creation 
of photoexcited electron-hole pairs equals the rate of radi- 
ative and nonradiative recombinations. We are concerned 
with a single isolated GaAs-(Ga,Al)As QW of thickness 
L, and we consider recombination of electrons in the n = 1 
conduction subband with free holes in the it = 1 valence 
subband, and with holes bound to neutral acceptors. We 
consider acceptors as channels for radiative recombination 
since it appears that carbon acceptors are common in sev- 
eral nominally undoped QW samples5 (high-quality sam- 
ples would correspond to a concentration of acceptors of 
about 10’4/cm3), and because the influence of shallow im- 
purities at. high temperatures on the QW PL process has 
not been experimentally studied in detail up to now. We 
follow Bongiovanni and Staehli” and Ding et al.’ and ne- 
glect Auger processes and excitonic recombination in this 
work. Other mechanisms, such as nonradiative recombina- 
‘)Permanent address: Departamento de Fish Teh-ica, Universidad de la 
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tion with interface traps (which may be relevant in the 
high-temperature regime; we comment on that later), spa- 
tial ditIusion, and drift,4 will not be considered here. 
The rate per unit area of creating e-h pairs by inter- 
band absorption of photons from a cw laser is proportional 
to the intensity 1 of the laser and is given by 
lo, =4raf 
Pi,,(P:v/2) 
9 
rl14qp32 
x I cfc@) If&)> 12wi-~gL (1) 
where Qf is the fine-structure constant, pL,, is the 
conduction-valence-band reduced mass, v(o) is the refrac- 
tion index, m. is the free-electron mass, cu is the laser fre- 
quency, pcv is the interband matrix element, (f,(z) 1 f,(z) j 
is the overlap integral between the electron and hole enve- 
lope wave functions in the QW, 0(x) is the Heavyside 
unit-step function, and eg is the effective band gap of the 
QW. 
For the radiative recombination of electrons in the 
pz= 1 conduction subband with holes in the II = 1 valence 
subband, the coefficient oCV, in units of photons per area 
per second, is 
8 Eg 17(o) k&m 
~,,=-a~ - 3 fi nz;c2 0 
x 1 U&l If,(z) > 12~OQh,~h), 
where 
(2) 
Q(&,&j = dx [~+U+YNW’&+I (SeX+lj(oeyx+lj ’ (3) 
with 
~=rn&~T/n%*~‘J!.4X IO9 (T/K) cm--*, (4aj 
S=l/[exp(n/nej - 11, (4bj 
a= l/[exp(ynh/no) - 11, (4cj 
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where y=mJm” and m,( m,) are the conduction (va- 
lence) -band effective mass. In the above expressions, n, 
and nh are the density per unit of area of electrons and 
holes, respectively. The number of free holes at the valence 
subband is determined by conservation of charge in such a 
way that it is equal to n, plus the number of ionized ac- 
ceptors. The rate per unit of area of radiative recombina- 
tion of electrons in the conduction subband with holes 
bound at neutral acceptors is given by 
16 
*CA=% NAaf 
v(o) (P:“m 
2 
mi.2 
J- L/2 X _L,2dziJu((~,Zi)P(Z~)n~[~~(Z~)], (5) 
with 
Jc,4 (A,zi) = 
N2 ( A,Zi) d2k, 
N2 
” s 
m n,bh )K’(ziA,k, 1 
X [Eg-EA(Zi) +Ec(kl 11 (6) 
and 
K(zi,/Z,kl ) = 
s 
d3dkl ‘Pf,(z)f,(z)e-I’-“iI/~, (7) 
where 
n,b% ) = l/(exp{[ec(kL ) -pc]/kgT}+ 1) 
is the occupation number of electrons, pL, is the conduction- 
subband chemical potential, E,(kl > is the electron kinetic 
energy in the xy plane, NA is the density of acceptors 
( no,/cm3), P(Zi) is the probability distribution of accep- 
tors, 
nA[EA(Zi) I =2/{2+‘~ exp[ --E,(Zi)/kBT]} 
is the probability distribution of having a hole bound to an 
acceptor at Zi, EA (Zi) is the acceptor binding energy, 
N(nsi) and ;1 are the normalization and variational pa- 
rameter of the acceptor envelope wave function, and N, is 
the normalization factor for the envelope wave function 
associated with the first valence subband. We neglect the 
effect of coupling of the top four valence bands6 of both 
GaAs and (Ga,Al) As and consider a spherical carrier ef- 
fective mass7 m,z0.3mo. 
The density of electrons per unit area in the steady 
state is determined by w,., = w,,+wcA which gives a tran- 
scendental equation relating ne to the laser intensity, and 
which should be solved numerically. We define 
T, = nJs, the electron radiative recombination lifetime 
with free holes, and T,=rzJo.~~ for recombination with 
bound holes at the acceptors. For T,, the total decay 
time, one has l/T,,,= l/T,,+ l/T,. 
The density of electrons (per unit of volume) at the 
n= 1 conduction subband is shown in Fig. 1 as a function 
of the cw laser intensity for a GaAs-(Ga,AI)As QW at 
T= 300 K. We assumed a homogeneous distribution of 
acceptor impurities within the QW and chose 
NA= 1016/cm3. The width of the GaAs QW was chosen as 
6.5 mn in order to model the QW structure studied by 
I L=65nm,T=300K 
~~~~~~~~~~~. expt: Ding et al (1992) 
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FIG. 1. Electron-density at T=300 K for the n= 1 conduction subband 
as a function of laser intensity for a L=6.5 nm GaAs-Ga&J,,As QW. 
Dashed (solid) lines correspond to undoped (homogeneously doped with 
an acceptor concentration NA= 1016/cm3) QWs. The dotted curve corre- 
sponds to the experimental results (Ref. 4). 
Ding er al.;4 of course, as they have studied undoped mul- 
tiple narrow ACQWs, and we are considering a single iso- 
lated QW, our results should be compared to theirs only in 
a qualitatively way. It is clear from Fig. 1 that, for undoped 
QWs, i.e., NA=O, the carrier density in the conduction 
subband is proportional to the square root of the cw laser 
intensity in the range of intensities considered. This is the 
expected result because in this regime, n,< no [see Eq. 
(4a)], and electrons in the conduction subband recombine 
with free holes according to Maxwell-Boltzmann statistics. 
The carrier density in the conduction subband is given by 
setting 0, = w, , with w,, proportional to the joint density 
of electrons and holes, i.e., O,,-nph, with necrnh. One 
clearly sees from Fig. 1 that, for a concentration of accep- 
tor impurities NA= 1016/cm3, one has more radiative decay 
channels which leads to a decrease in the steady-state elec- 
tron density in the conduction subband. Also, for 
NA= 1016/cm3, the dependence on laser intensity changes 
from linear (for very low laser intensities) to square root. 
In the very low-laser-intensity regime, where the density of 
electrons is very small, most of the acceptors are ionized 
and electrons in the conduction subband emit photons by 
recombining with free holes: The electron density at the 
conduction band is essentially given by equating wA=wcV 
with w,, proportional to n, (in this regime, nh is essentially 
constant, i.e., nhz NA), and therefore the carrier density is 
proportional to the laser intensity. When the laser intensity 
increases (with a corresponding increase in the free elec- 
tron and hole densities), the steady-state carrier density in 
the conduction subband becomes proportional to the 
square root of the laser intensity ( neEnh), as commented 
on before. One should notice that our calculation for 
NA= 1016/cm3 and L=6.5 nm compares well with the ex- 
perimental results by Ding et aL4 in the intermediate 
(I> lo2 W/cm2) laser intensity regime. Although at very 
low laser intensities, we find, as Ding et aI., the same lin- 
ear carrier-density dependence on intensity due to radiative 
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FIG. 2. Total e-h recombination lifetime vs electron density for an 
L = 12.2 nm GaAs-G~.,,Ala,.+s QW; solid (dashed) line corresponds to 
undoped (doped with an acceptor concentration &= lO”/c&) QWs. 
Experimental results (Ref. 3) are represented by squares, and the dotted- 
dashed curve corresponds to theoretical lifetime results calculated for an 
undoped QW by setting to zero the linear term in x of Eq, (3). All results 
are shown at T=155 K. 
recombination of electrons with free holes influenced by 
the presence of ionized acceptors [notice that several nom- 
inally undoped GaAs-( Ga,Al) As QW samples’ have pre- 
sented extrinsic photoluminescence due to carbon accep- 
tors], in their work the recombination mechanism is 
dominated by nonradiative recombination of free carriers 
at nearly saturated interface traps. As argued by Ding 
et aL,” this mechanism is dominant at the low-laser- 
intensity regime and is responsible for the dependence of 
the photoluminescence intensity on the laser intensity un- 
dergoing a transition from a square law to linear depen- 
dence as the laser intensity increases. One should point out 
that, in the case of Ding et al.,4 one would not observe the 
acceptor extrinsic photoluminescence feature at T = 300 K 
since most of the acceptors are ionized at the laser inten- 
sities considered (I< 135 W/cm’). 
The results in Fig. 2arefor T=lJJKandan L=122 
A GaAs-G%.77A&.,3As QW, appropriate for calculating 
the e-h total recombination lifetime and comparing with 
the experimental results by Bongiovanni and Staehli,3 who 
studied a high-quality quantum structure consisting of six 
122-A-wide wells of GaAs, separated by 180-A-wide bar- 
riers of G+.,,&.,,As alloy. These results may be under- 
stood as follows. For laser intensities such that n,<no 
(n ok lo’* cmm2), electrons essentially recombine with free 
holes according to Maxwell-Boltzmann statistics with 
ticvsn&. Recombination with bound holes is given by 
O,~~f&n&,, SO that Ttot=: l/nh( 1+/3ly,), with fi being a 
constant. Therefore, for undoped QWs (nk=ne), 
T tut=: l/n,, whereas, for doped QWs tn,#nh), 
T tot=: l/nh . In the latter case and for low laser intensities, 
where n,<nl,, nh approaches a constant value (equal to the 
number of ionized acceptors per unit area), and therefore 
Ttot tends to become independent of the electron density. 
As the laser intensity increases, rt, also increases and 
we reach a regime where n,~ iih ) and therefore Ttot;=: l/n,. 
For high laser intensity, where n, > no, electrons recombine 
with free holes according to Fermi-Dirac statistics and 
w,,+w,~ =n,+atz$ [where a is a constant corresponding 
to the linear term of the integrand in Eq. (3); notice that 
n,~,l~h in this regime], so that Tt,,tz l/( 1 +anhj. The im- 
portance of a proper description of the conduction- 
subband dispersion ec(kl ) in the calculation of the radia- 
tive recombination of electrons with free holes w,, is also 
clearly seen in Fig. 2 by comparing the results for the total 
dec.ay time with the dotted-dashed curve which was calcu- 
lated by ignoring the dispersion with kl in the linear term 
of Eq. (3). Notic.e that our theoretical results for the total 
radiative recombination lifetime are in good agreement 
with the experimental data3 whereas the calculated results 
ignoring the linear term of Eq. (3) lead to a saturated 
value of the recombination lifetime, a behavjor also ob- 
tained in the calculation by Bongiovanni and Staehli.3 
Summing up, we report here the results of a quantum- 
mechanical calculation of the electron densities and e-h 
recombination lifetimes in GaAs-( Ga,Al)As quantum 
wells, under steady-state excitation conditions and in the 
high-temperature limit, as functions of the cw laser inten- 
sity, well widths, and acceptor distribution in the well. We 
consider radiative recombination of electrons with free 
holes and with holes bound at neutral acceptors. To our 
knowledge, this is the first calculation which considers the 
effects of temperature and of the acceptor distribution in 
the well. Results for the carrier-dependent e-h recombiia- 
tion decay time are in good agreement with experimental 
data by Bongiovanni and Staehli.” Our calculations- 
which have no free parameters-in the intermediate laser 
intensity regime are in quantitative agreement at T =300 
K with the results by Ding et ai.” who obtained the carrier 
density for multiple ACQWs through a fitting procedure 
which reproduced the total experimental PL intensity. 
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